We determined the net rate of biogenic silica (bSiO 2 ) production and estimated the diatom contribution to new production and organic matter export in the Costa Rica Dome during summer 2010. The shallow thermocline significantly reduces bSiO 2 dissolution rates below the mixed layer, leading to significant enhancement of bSiO 2 relative to organic matter (silicate-pump condition). This may explain why deep export of bSiO 2 in this region is elevated by an order of magnitude relative to comparable systems. Diatom carbon, relative to autotrophic carbon, was low (,3%); however, the contribution of diatoms to new production averaged 3 and 13% using independent approaches. The 4-old discrepancy between methods may be explained by a low average C:Si ratio ( 1.4) for the net produced diatom C relative to the net produced bSiO 2 . We speculate that this low production ratio is not the result of reduced C, but may arise from a significant contribution of non-diatom silicifying organisms to bSiO 2 production. The contribution of diatoms to organic matter export was minor (5.7%). These results, and those of the broader project, suggest substantial food-web transformation of diatom organic matter in the euphotic zone, which creates enriched bSiO 2 relative to organic matter within the exported material.
I N T RO D U C T I O N
Despite the regular occurrence of elevated biomass for high-trophic-level organisms, autotrophic biomass and published rates of primary production in the Costa Rica Dome (CRD) are not particularly high (Pennington et al., 2006) . Even though large phytoplankton (e.g. diatoms) are assumed to dominate systems that support high-trophiclevel biomass, the importance of the picophytoplankton contribution to autotrophic biomass and primary production in the CRD has been known for decades (Li et al., 1983) . Specifically, the abundance of the picocyanobacteria from the genus Synechococcus in the CRD is among the highest observed in the open ocean (Campbell and Vaulot, 1993; Durand et al., 2001; Stukel et al., 2013a) . Using biogenic silica (bSiO 2 ) as a proxy, the diatom biomass in the CRD (Franck et al., 2003) is more similar to the subtropical gyres (Krause et al., 2009a; Brzezinski et al., 2011) than coastal systems that support similar high-trophic-level organisms Krause et al., 2013a) . Counterintuitive to the low diatom biomass and dominance by the picoplankton, model results from Honjo et al. (Honjo et al., 2008) show that rate of bSiO 2 export at 2 km in the CRD is similar to the highest rates observed in low-latitude open-ocean systems (e.g. equatorial Pacific, Arabian Sea). These enhanced export rates could be sustained with very high export efficiency by diatoms, a larger contribution by other siliceous groups (e.g. radiolarians), a regional difference in the rate of bSiO 2 remineralization or some combination of the three. Validating these model results requires understanding of the upper-water-column Si-cycling as these collective processes ultimately sustain export.
Currently, only one regional dataset for particulate bSiO 2 and Si uptake is available in the primary literature (Franck et al., 2003) . It consists of one multi-day grow-out experiment in a shipboard deck incubator designed to understand the effects of trace-metal limitation on nutrient uptake. Therefore, no data describing the spatial, temporal or vertical variability in bSiO 2 and its rate of production are published for the CRD. Additionally, no direct or indirect measurements of bSiO 2 dissolution are available for this region, and the balance between production and loss rates for bSiO 2 in the euphotic zone, which is essential to understand the potential fraction of bSiO 2 available for export to the ocean interior, is unknown. Data from the eastern equatorial Pacific suggest that over 65% of the bSiO 2 produced in the euphotic zone dissolves there (Krause et al., 2010a) . If the CRD does sustain such high bSiO 2 export to the deep ocean (e.g. 2-to 5-fold higher than the eastern equatorial Pacific, Honjo et al., 2008) , then considerably lower bSiO 2 dissolution would be expected in the euphotic zone.
Enhancements of diatom biomass and productivity in the open ocean have been observed to transform deepwater systems. For example, eddies or fronts can lead to enhancement of diatom biomass, which is typically very low in open-ocean regions, and can sustain biomass of higher trophic levels (Goldthwait and Steinberg, 2008; Landry et al., 2008 Landry et al., , 2012 . Whereas similar processes may occur in the CRD, there has been no intensive examination of the rates of diatom production and the potential efficiency with which this production might contribute to other processes. Indeed, even in a relatively well-studied region like the equatorial Pacific, only two estimates of the diatom contribution to primary and new production have been made (Leynaert et al., 2001; Krause et al., 2011) , and there is still a gap between understanding their roles in organic matter production and the foodweb processes controlling diatom contributions to organic matter export.
Under steady-state assumptions, net production of bSiO 2 is fueled by new silicic acid , and like new N-based production (Dugdale and Goering, 1967) , this material can be exported from the euphotic zone versus being remineralized within it. Organic forms of C and N associated with the net bSiO 2 produced can be passed to higher trophic levels; however, since consumed bSiO 2 is not assimilated by grazers, its likely fate is export in zooplankton fecal pellets (Krause et al., 2010a) . With an understanding of diatom cellular Si:C and Si:N ratios, Si-based rates can be converted to diatom-specific C and N rates; therefore, net bSiO 2 production can be used to infer the amount of diatom organic matter which can be passed to higher trophic levels and/or lost from the euphotic zone through export.
The goals of this study are (i) to understand the balance between bSiO 2 production and dissolution to determine whether the water-column processes can potentially support high bSiO 2 export to the CRD mesopelagic, and (ii) to estimate the regional contribution of diatoms to new production and organic matter export in the upper-water column. To meet the first goal, we report the net rate of bSiO 2 production, which reflects the balance between gross bSiO 2 production and dissolution (i.e. net production ¼ gross production -gross dissolution), such that positive net production indicates that gross production exceeds gross dissolution of bSiO 2 . For the second goal, the disparity between the contribution of diatoms to new production and organic matter export, which would be equal if diatoms settle as intact cells (i.e. organic matter not assimilated into the food web), can shed light on the relative importance of food-web transformation of diatom organic matter prior to its export from the euphotic zone.
M E T H O D S Sampling
This present data was generated during the CRD FLUx and Zinc Experiments (FLUZiE) cruise from 22 June to 25 July 2010 aboard R/V Melville. As described in greater detail elsewhere (Landry et al., this issue-a) , plankton community dynamics, food-web fluxes and biogeochemical relationships were studied in 4-or 5-day Lagrangian-style experiments (termed "cycles") beginning at five different starting locations in the CRD. During each cycle, daily water-column sampling and rate measurements were carried out following a satellitetracked drifter with a holey-sock drogue, centered at 15 m (Landry et al., 2009) . Samples to measure biological process rates were incubated in situ for 24 h at the depth of sample collection on a line attached below the drift array. A second drift array with VERTEX-style acrylic sediment traps at two depths (90 or 100 m and 150 m) was deployed at the start of each cycle and recovered at the end to determine mean export rates during the experiment (Stukel et al., 2013b) .
Samples for standing stock and biological rate determinations were collected during early morning hydrocasts ( 02:00 local time) using Niskin bottles on a CTD rosette. Hydrocasts were taken within 100 m of the primary drift array; profiles extended to 500 m and Niskin bottles were filled from the upper 100 m. Samples for rate measurements were taken each day (3 days for Cycle 1; 4 days for Cycles 2-5), except for the last day, which only sampled for final measurement of standing stocks. Experimental bottles were filled directly from the rosette bottles, placed into mesh bags, secured to the array and the array deployed, all completed in 2.5 h of sample collection and prior to local sunrise. Experiments on adjacent days were set up first on deck, then the array was recovered, the mesh bags switched and the array redeployed in 20 min. Incubated samples were processed immediately after array recovery, and sediment-trap samples were processed within a few hours.
Standing stocks
Macronutrients and biogenic particles were sampled at the same depths and hydrocasts as the rate experiments. Water for macronutrients was filtered directly from the Niskin bottles through a 0.1-mm capsule filter (Suporcap), and the filtrate was immediately frozen at 2208C. Nutrient samples (NO 3 2 , NO 2 2 , PO 4 32 , Si(OH) 4 ) were analyzed by flow injection on shore at the Analytical Facility of the Marine Science Institute, University of California at Santa Barbara. Seawater samples (1.0 L) for bSiO 2 analysis were filtered through 0.6-mm polycarbonate membranes, placed in cryovials, and dried in an oven for 24 h. On shore, quantification of bSiO 2 concentration was done using an NaOH digestion procedure (Brzezinski and Nelson, 1995) in Teflon tubes, which provides low and stable blanks (Krause et al., 2009b) . Concentration of chlorophyll a (Chl a) was determined at sea on a Turner 10 AU fluorometer after filtering 250-mL samples through glass fiber filters, and extracting in 90% acetone in the dark at 2208C for 24 h (Strickland and Parsons, 1972) . For Cycles 2-5, taxon-grouped abundances and biomasses of eukaryotic nano-and microplankton, including diatoms, were quantified by image analysis using epifluorescence microscopy (Taylor et al., this issue) and picophytoplankton (Prochlorococcus, Synechococcus, picoeukaryotes) biomass by flow cytometry (Selph et al., this issue) . Here, we report the diatom carbon and percent contribution to the total autotrophic C.
Production and export rates
The rate of net bSiO 2 production was determined by the difference between bSiO 2 concentration in initial whole seawater samples (no nutrient amendments or dilution, processed immediately) relative to those incubated for 24 h on the drift array. For water budget reasons, only single initial and final bottles were analyzed at each of eight depths in the profiles. Replication was thus provided by independent measurements at the same depths during successive days of the cycles. In small-volume bottles (i.e. ,4 L) with a high surface-area to volume ratio, bSiO 2 adsorption to the bottle walls can be quantitatively significant, and without correction can lead to systematic errors in the calculated net rates (Krause et al., 2010b) . To minimize these effects for bSiO 2 filtrations (i.e. initial or final), the bottles were rinsed three times with 50 mL of 0.1-mm filtered seawater per rinse, and the rinse volume was added to the volumes filtered (Krause et al., 2010b (Krause et al., , 2013b . These initial and final bSiO 2 concentrations were then used to calculate the net rates of bSiO 2 production (r N ) that occurred during the 24-h incubations. During the cruise, environmental variability in the [bSiO 2 ] measurement was assessed by taking replicate samples (n ¼ 9). For this particular sample set, the measured [bSiO 2 ] was 116 + 10 nmol Si L
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. The coefficient of variation was 8.8% and is well within the range of replicates for previous studies (Krause et al., 2010b (Krause et al., , 2013b .
Vertical integrals for biomass (e.g. bSiO 2 , Chl a, Diatom C) and net production (r N ) were done between the surface and 80 m using the trapezoidal approach. Average specific rates of r N were derived as V NET (day
. To estimate the average specific V NET within the upper 80 m ( Ð Ave V NET ), V NET was integrated and the summed quantity was divided by the depth of integration (80 m) as done previously (Krause et al., 2010a) .
The average contribution of Diatom C to total autotrophic C throughout the upper 80 m was calculated similarly.
Concurrent measurements of 15 NO 3 2 uptake are used to estimate the contributions of diatoms to the rate of new production during the FLUZiE cruise.
15
N uptake experiments were conducted with water samples from the same CTD cast as those used for bSiO 2 net uptake and r N assessments and incubated in situ at the same depth and for the same time. Specific information regarding the methods and results of these experiments can be found elsewhere (Stukel et al., this issue) .
Particle export was measured using a free-drifting sediment-trap array (Krause et al., 2009b; Stukel et al., 2013b) . Prior to deployment, acrylic collector tubes fitted with entrance baffles comprised of 14 smaller tubes with tapered edges were filled with a saltwater brine (0.1-mm filtered surface seawater, amended with 50 g L 21 NaCl and 1% final concentration formalin). Tubes were deployed at two depths (90 or 100 m, and at 150 m) for 4 days of collection. After recovery, samples were filtered through a 200-mm filter, and swimming zooplankton were sorted microscopically and removed from the .200-mm fraction, which was then recombined with the ,200-mm fraction. Three different tubes thus cleared of swimmers were subsampled using a rotary splitter for measurement of [bSiO 2 ], as described above, and calculation of bSiO 2 export (r E ). Sediment-trap subsamples for particulate organic carbon (POC) were analyzed on a CHN Analyzer at the Scripps Institution of Oceanography Analytical Facility. Concurrent 234 Th analyses made with these trap arrays have consistently shown no consistent over-or under-collection bias (Stukel et al., 2013b, this issue) .
R E S U LT S Hydrography and standing stocks
Locations of the Lagrangian cycle experiments were chosen in relation to the core of the CRD as determined from satellite images of [Chl a], when available, and ADCP mapping prior to the cycle work. Post-cruise assessment of sea-surface temperature (SST) from weekly composite Advanced Very High Resolution Radiometer (AVHRR) data clearly shows the low SST signature of the CRD centered at 98N, 908W (Fig. 1) . Cycle 1 was located outside of the dome, in southward flowing warm waters close to the coast of Costa Rica (Landry et al., this issue-a), Cycle 2 was located slightly southeast of the SST minimum. Cycle 3 was northwest and separated from the colder SST of the CRD by southward intrusion of a warm-SST filament. Cycle 4 was within the cool SST region of the CRD core and Cycle 5 started east of the core moving quickly eastward toward the coast in the North Equatorial Counter Current.
The thermal characteristics of the upper-water column were similar among cycles ( Fig. 2A) . The mixed layer depth (MLD) was shallowest during Cycle 3 ( 12 m) and deepest during Cycle 5 ( 30 m). The other three cycles showed very similar MLD (18 -22 m, Table I ). Below the MLD, a sharp thermocline was observed between JOURNAL OF PLANKTON RESEARCH j VOLUME 0 j NUMBER 0 j PAGES 1-14 j 2015 20 and 60 m, such that water at or deeper than 60 m was .108C cooler than surface waters at all stations.
Nutrients were depleted in the surface waters and increased rapidly in the shallow thermocline ( Fig. 2B and C). Mixed-layer concentrations of nitrate varied from low values of ,0.1 mM and 0.7 mM for Cycles 1 and 3, respectively, to 3.4-5.2 mM for the other cycles (Table I) . Within the thermocline, nitrate increased rapidly, such that concentrations were .28 mM at or deeper than 60 m. Dissolved phosphate showed similar behavior to nitrate, with an N:P ratio less than typical Redfield (,16, data not shown) which may be a result of denitrification in the source-water (e.g. Devol, 2008) . The vertical structure for dissolved silicic acid was also similar to nitrate ( Fig. 2C ) with average mixed-layer concentration lower for Cycles 1 (1.0 mM) and 3 (2.2 mM), and higher, comparable concentrations for the other cycles (3.5-4.3 mM, Table I ). In the thermocline, silicic acid concentrations ranged from 16 to 24 mM between 40 and 100 m, and deeper concentrations were typically 70% of those for nitrate. For both nitrate and silicic acid, the strong and shallow thermocline resulted in high variability in mixed-layer nutrient concentrations (Table I ). Comparing the ratios of silicic acid to nitrate shows a strong vertical trend of high Si:N in the surface to ratios ,1 below 20 m (Fig. 2D ). Especially high Si:N (5-16) was observed in the upper 30 m during Cycle 1, and values between 2 and 4 were also observed in the upper 12 m during Cycle 3 (off-scale points not shown in Fig. 2D ). All the high Si:N values were driven by intense nitrate draw down, as opposed to especially high concentrations of silicic acid ( Fig. 2B and C).
Algal biomass proxies showed similar vertical patterns within and between the different cycles. [Chl a] displayed subsurface maxima in all cycle profiles, typically at or below the base of the mixed layer (Fig. 3D) (Fig. 3C) .
Vertical integrations of Chl a were similar among most cycles (Table I) J. W. KRAUSE ET AL. j BIOGENIC SILICA IN COSTA RICA DOME Table I : Cruise station data ) and silicic acid (Si(OH) 4 ). Water-column integrated (surface -80 m) Chl a ( Ð Chl), diatom carbon ( Ð Diatom C), proportion of diatom C to autotrophic carbon ( Ð Diatom C: Ð Auto C), biogenic silica ( Ð bSiO 2 ), net production rate for biogenic silica ( Ð r N ) and the average surface -80 m biomass-normalized rate for r N ( Ð Ave V NET ). bSiO 2 export rates (r E ) are reported for 100 and 150 m traps. Average values (+SD) are listed for each cycle. " " denotes no samples taken for a particular profile. Table I ). When the contributions of [Diatom C] to total autotrophic C were averaged for the upper 80 m, diatoms accounted for a low proportion of total autotrophic C during all cycles, 0.5-1.7% (Table I) .
Net bSiO 2 production and export
The average net rate profiles of bSiO 2 production (r N ) were relatively similar among cycles (Fig. 3B) (Fig. 3B) . This general pattern differed in Cycle 1, where a 30-m subsurface maximum in average r N was observed. This depth had the highest single r N measurement in the dataset, but the vertical trend was robust, as removing this single value still yielded the subsurface maximum in the average profile of r N for the cycle.
When vertically integrating in the upper 80 m, 17 of 19 profiles had positive Ð r N . The only statistically significant difference among individual cycles (i.e. P , 0.01) was between Cycle 2 (0.6 + 1.1 mmol Si m 22 day
21
) and Cycle 5 (2.8 + 0.2 mmol Si m 22 day
), the minimum and maximum cycles for Ð r N . However, the upper 80-m averages for specific rates of net bSiO 2 production ( Ð Ave V NET ) were more variable among cycles (ANOVA single factor, P , 0.005, Table I ). Based on Ð Ave V NET data, the net doubling times for bSiO 2 , calculated as Ð bSiO 2 / Ð r N for the upper 80 m, were longest and most variable for Cycles 1 and 2 (8.7 + 6.5 and 10.8 + 10.3 days, respectively) and shortest (2.2 + 0.1 days) during Cycle 5 (Fig. 4) . Cycles 3 and 4 were intermediate with similar variability (4.4 + 1.1 and 4.8 + 2.0 days, respectively).
As with other measurements, the rate of bSiO 2 export (r E ) was similar among most cycles. r E in the shallow trap (90 or 100 m) varied from 1.24 to 2.26 mmol Si m 22 day 21 during Cycles 2-5. Very little export attenuation was observed during the transit of bSiO 2 to the deeper trap (150 m), as rates for these cycles at this depth ranged from 1.04 to 2.07 mmol Si m 22 day 21 (Table I ). The notable exception to these results was Cycle 1, where rates in the shallow (5.90 mmol Si m 22 day
) and deep (6.16 mmol Si m 22 day
) traps were more than double those at other cycles and depths. Given Ð bSiO 2 for the overlying waters, the turnover times of bSiO 2 in the upper 100 m (i.e. Ð bSiO 2 /r E ) are estimated by assuming insignificant bSiO 2 dissolution between 80 m (depth of integration) and 90-100 m (depth of shallowest traps); under a steady-state condition, turnover and net doubling times would be equal. The turnover times for Cycles 1 and 2 were 2.8 days and increased for the other cycles to 4.8-5.7 days. However, given the high variability for the doubling measurements (driven by Ð r N ), the turnover times during Cycles 1-4 were statistically indistinguishable (P . 0.3). Only Cycle 5 turnover and doubling times were statistically different (P ¼ 0.02). 
D I S C U S S I O N Open-ocean comparison and the CRD silicate pump
The magnitudes of bSiO 2 stocks and rates ( Ð bSiO 2 stock, Ð r N and r E ) are relatively high in the CRD compared with other mid-and low-latitude open-ocean systems (Table II) , but are an order of magnitude lower than coastal upwelling systems or the Southern Ocean (Brzezinski et al., 2001 . The range of Ð bSiO 2 observed during our CRD cruise is similar to that measured for diatom blooms in north Atlantic mesoscale eddies (Brzezinski and Nelson, 1989; Krause et al., 2010b) , oligotrophic diatom blooms near the north Pacific subtropical front (Krause et al., 2013b) and in tropical instability waves in the eastern equatorial Pacific upwelling region (Demarest et al., 2011; Krause et al., 2011) . The maximum Ð r N observed in the CRD is among the highest observed anywhere in the mid-and low-latitude open ocean, and is similar to that reported earlier (Brzezinski and Nelson, 1989 ) during a diatom bloom in a Gulf Stream Warm-Core ring. Similarly, the measured r E in the CRD at 150 m was also among the highest reported in the low-latitude open ocean (Table II) ; however, there are no corresponding shallow-export data with concurrent Ð r N measurements for the Gulf Stream Warm-Core Rings (Brzezinski and Nelson, 1989) or the eastern equatorial Pacific (Adjou et al., 2011; Demarest et al., 2011) .
Despite similarities in integrated quantities to oligotrophic diatom blooms studied to date, the vertical structure of r N in the CRD is unique. In many regions, vertical profiles transition from a surface water region where r N is positive, to a depth or narrow zone where r N % 0, followed by negative r N for all deeper depths (Brzezinski and Nelson, 1989; Krause et al., 2010b Krause et al., , 2013b Adjou et al., 2011; Demarest et al., 2011) . This typical vertical structure suggests that active biological accumulation occurs only in the upper euphotic zone where diatoms have ample light and typically grow fastest; therefore, the production of bSiO 2 exceeds its rate of dissolution. As depth increases, so does the proportion of detrital bSiO 2 (i.e. material transformed by passage through the food web), thus leading to an increase in the gross rate of bSiO 2 dissolution, with r N approaching zero and then going negative. Such a two-layer character, i.e. positive r N in surface and negative at depth, was not observed in the CRD. Furthermore, at depths exceeding 40 m, the rates of bSiO 2 production and dissolution appeared to be in balance. Because r N is a net rate, it is possible (although improbable, see below) that gross bSiO 2 production and gross bSiO 2 dissolution may both be elevated to yield a near zero r N at these deeper depths.
While it may be counterintuitive to have elevated production rates at depth, such a trend has been observed previously near the base of the euphotic zone or deeper (Brzezinski and Nelson, 1989) . Such observations are likely due to bSiO 2 production being energetically inexpensive (Raven, 1983) and not directly coupled to energy derived from photosynthesis. During FLUZiE, however, the low Diatom C (Fig. 3C ) and declining bSiO 2 standing stock at depth (Fig. 3A) argue against high diatom bSiO 2 production at the base of the euphotic zone. Additionally, the bSiO 2 material at depth did not appear to remineralize during descent between 100 and 150 m, as meaningful differences between export rates at these depths were only observed during Cycle 2 (Table I) . If living diatom biomass (Fig. 3C ) and [bSiO 2 ] (Fig. 3A) declined with depth, both trends suggest an increase with depth for detrital material, then why did the rate of bSiO 2 dissolution appear to be so low (i.e. r N and r E data)? We hypothesize that the unique vertical position of the CRD thermocline forms a strong silicate-pump condition.
The general "silicate-pump" model (Dugdale et al., 1995) asserts that because diatom bSiO 2 remineralizes less efficiently in the upper-water column than particulate organic nitrogen (PON) there is a preferential export of bSiO 2 out of surface waters relative to PON. For example, in a coastal system where diatoms dominate autotrophic biomass, a strong silicate-pump potentially results in silicic acid, as opposed to nitrate, being the biomass-limiting nutrient for diatoms due to low nutrient Si:N in the upwelled waters. This assumes that diatoms draw down Si and N in a ratio of 1:1 ratio (Brzezinski, 1985) . In the CRD, the silicate-pump model could explain the vertical differences in the nutriclines for nitrate and silicic acid (Fig. 2D) and creates the condition where the nutrient Si:N ratio is ,1 in the source-waters (.20 m). In this system, however, diatoms represent a minor fraction of the autotrophic community (Table I) , and silicic acid appears unlikely to Table I ).
JOURNAL OF PLANKTON RESEARCH j VOLUME 0 j NUMBER 0 j PAGES 1-14 j 2015 be a biomass-limiting nutrient in the CRD mixed layer. This is supported by the nutrient Si:N in the upper 20 m of the water column being higher than in the thermocline, likely due to many organisms consuming nitrate. However, given the mixed-layer concentrations ,8 mM (Fig. 2C) , it is likely there was some degree of kinetic limitation for diatom Si uptake by suboptimal silicic acid (i.e. uptake at ambient silicic acid below physiological maximum, Krause et al., 2012 Krause et al., , 2015 Martin-Jezequel et al., 2000) . Therefore, in the CRD, where diatom biomass is considerably lower than in coastal upwelling systems, the silicatepump condition could be maintained by altering the retention of bSiO 2 in the water column and increasing export efficiency.
While remineralization differences between bSiO 2 and PON are typical for most ocean systems (i.e. PON remineralizes faster than bSiO 2 ), we suggest that the strong and shallow thermocline of the CRD strengthens the silicate pump by slowing the physicochemical dissolution rate of bSiO 2 . Previous studies have demonstrated that bSiO 2 dissolution increases between factors 2.3 and 2.6 with a 108C temperature increase (Kamatani, 1982; Bidle et al., 2002; Natori et al., 2006) . Given the thermocline trends during our cruise, which are presumably representative for the CRD region during the summer season, water between 30 and 58 m was always at least 108C cooler than surface waters (Fig. 2) . Thus, at deeper depths, bSiO 2 dissolution would have been reduced to rates less than half those in the upper euphotic zone. Such a slowing of dissolution helps explain why 89% of our Ð r N estimates were positive, as even lower rates of gross bSiO 2 production can result in net bSiO 2 accumulation when losses from dissolution are small. In the equatorial Pacific upwelling region, the depth at which there is a 108C difference from the surface waters is considerably deeper, e.g. 100-200 m (Strutton et al., 2011) , this region has similar maximum values of Ð bSiO 2 but Ð r N are ,50% those in the CRD. In the equatorial Pacific, the sinking of bSiO 2 particles into relatively warm subsurface waters creates a vertical zone where r N is strongly negative (Adjou et al., 2011; Demarest et al., 2011) . Consequently, 65% of bSiO 2 produced in the upper euphotic zone in the equatorial Pacific is dissolved in the lower euphotic zone (Krause et al., 2010a) .
The broader ramification is that the CRD appears to operate as a highly efficient silicate pump, similar to a cold-water coastal upwelling system (e.g. Peru; Dugdale (Brzezinski and Nelson, 1989) and Garside (Garside, 1985 Integrated to 80 or 100 m (Brzezinski and Nelson, 1989) .
c Not directly measured, also calculated as ratio of (1 -silica dissolution/silica production). J. W. KRAUSE ET AL. j BIOGENIC SILICA IN COSTA RICA DOME et al., 1995), but with typical oligotrophic biomass. Such a situation is atypical for most open-ocean regions where diatom biomass is greatly reduced. In the North Pacific subtropical gyre, Brzezinski et al. observed that despite low bSiO 2 production relative to the North Atlantic subtropical gyre, the export was similar (Table II) , suggesting this region was very efficient for exporting Si from the euphotic zone. In the CRD, Ð bSiO 2 is 3-fold higher than and the lowest and highest rates of export are 10-to 60-fold higher than those in the North Pacific subtropical gyre (Table II) . Thus, relative to low-and mid-latitude open-ocean regions, the CRD appears to be unique in its efficiency of removing Si from the euphotic zone.
Given the measured Ð r N , the high calculated Ð Ave V NET , and the inferred low dissolution rates, the CRD may be a system where gross bSiO 2 production is fueled predominantly (.70%) by newly supplied silicic acid to the euphotic zone . This combination of factors would favor sustained, high export of bSiO 2 throughout the water column. This interpretation is consistent with the model results (Honjo et al., 2008) that show that bSiO 2 export at 2 km in the CRD is among the highest rates of any mid-or low-latitude deepwater system, comparable with rates in the cold-tongue of the eastern equatorial Pacific, offshore areas of the Peru upwelling region and the Arabian Sea. Hence, lowered bSiO 2 dissolution in surface waters, which appears to set up a strong silicate-pump condition, suggests a stronger efficiency of diatom bSiO 2 export from the euphotic zone, which could contribute to the elevated deep-water export of bSiO 2 in this region compared with other low-latitude systems (Honjo et al., 2008) . A caveat to such an interpretation is that we cannot address the potential role of radiolarians (i.e. non-diatom siliceous plankton) to deep export. Thus, the partitioning of the relative importance of more efficient diatom bSiO 2 export versus increased radiolarian contribution to the deep-export rates cannot be determined with the present data and should be examined in future studies.
Food-web controls on bSiO 2
There were strong similarities in biological stocks and rates among the FLUZiE-cruise cycles (Table I) . While diatom biomass, by C (Table I ) and fucoxanthin (Selph et al., this issue) proxies, was very low, their gross growth rates were the highest among phytoplankton groups. Coupling these data with this present analysis sheds light on the transformation and fate of bSiO 2 during this cruise.
Food-web processes quantified during the cruise appear to have shaped the silicate-pump condition. With the exception of Cycle 5, a balanced state was observed in the upper-water column, where the net rate of accumulation for bSiO 2 was statistically indistinguishable (due to high variability) from its net rate of loss (Fig. 4) . During Cycles 3 and 4, Diatom C was relatively high and the average Ð bSiO 2 increased modestly above that observed during Cycle 5, the lowest cycle mean. Rates of Ð Ave V NET during Cycles 3 and 4 were also elevated (0.17 and 0.24 day
21
, Table I ). These net rates are higher than specific rates of gross bSiO 2 production in open-ocean gyre systems (e.g. 0.07 -0.15 day 21 , Brzezinski et al., 2011; 0.14 day
, Krause et al., 2011) , indicating elevated diatom activity during these cycles, which is consistent with diatom growth rate results during this cruise (Selph et al., this issue) . Diatom biomass was predominantly grazed and controlled by mesozooplankton, as 83% of diatom production in this region escapes grazing by microzooplankton (Landry et al., this issue-b; Selph et al., this issue) . Additionally, Décima et al. (Décima et al., this issue) observed a tight coupling between the rate of mesozooplankton grazing and the integrated Ð r N among the cycles. Mesozooplankton grazing on diatoms appears to be an important ecological interaction for sustaining the active silicate pump. The tight coupling between the net rate of diatom bSiO 2 production and the rate of mesozooplankton grazing (Décima et al., this issue) suggests that the primary means by which diatom bSiO 2 is transported below the thermocline (e.g. .40 m) are within fecal pellets, as opposed to the settling of single cells. This movement of diatom bSiO 2 below the thermocline by transport in fecal pellets is a key ecological mechanism to moving bSiO 2 into the lower-temperature waters that reduce the rate of remineralization. Stukel et al. (Stukel et al., 2013a) observed that mesozooplankton fecal pellets in the CRD remineralize primarily in the euphotic zone (e.g. typically 44-52 m). Because of the shallow thermocline (e.g. 20-40 m), the rate of bSiO 2 remineralization would reduce by a factor of 2.3-2.6 within the thermocline during descent. Hence, despite the extensive organic matter remineralization of fecal pellet material in the euphotic zone, bSiO 2 would still be efficiently transported to depth by this grazing mechanism. The net effect of these food-web processes and the thermocline is the enrichment of the bSiO 2 :POC in exported particles (compare export values from Tables I and III) and a strong silicate-pump condition.
Diatom contributions to production and organic matter export
Diatom new production can be estimated using nitrate uptake and Ð r N as follows:
conservative as Ð r N will almost always be lower than gross bSiO 2 production-which was not measured. Integrated rates are confined to the upper 40 m, which was observed to account for 93% of the primary production rates for the full euphotic zone (Landry et al., this issue-b) . We assume a value of Si:N 1.0 (Brzezinski, 1985) , and in the eastern equatorial Pacific this average ratio was 0.98 (directly measured) for the numerically dominant diatom groups during two different years . The f-ratio, the proportion of total primary production fueled by "new" N sources (e.g. NO 3 ), was derived by converting nitrate uptake to C using C:N 6.6, and dividing by concurrently measured primary production (Table III; Stukel et al., this issue) . The caveat is that such a value could be conservative since diatoms and other large phytoplankton in the tropical Pacific may have f-ratios up to 0.6 (Dugdale et al., 2007) .
Despite being a minor component of total autotrophic biomass, the calculated contribution of diatoms to community new production is significant (Table III) . Diatoms accounted for between 5 and 45% of community new production, with a cruise mean of 19.6 + 26.7% (SE), and the high proportional variability in Cycles 1 and 2 for Ð r N propagates in the cruise mean. Landry et al. (Landry et al., this issue-b) estimated that the average rate of diatom primary production during this cruise was 31 + 10 (SE) mg C m 22 day
21
, which excluded Cycle 1. By assuming a C:N of 6.6 and the mean diatom f-ratio of 0.36 (average for Cycles 2 -5), the Landry et al. (Landry et al., this issue-b) data suggest that diatoms account for a lower fraction of new production, 3.2 + 1.2%, than estimated here (Table III) . If we, as in Landry et al., also exclude Cycle 1 and use a similar strategy for conversion with the data (i.e. average of the cruise mean diatom primary production and total nitrate uptake), the cruise-averaged contribution using our Ð r N conversion would be 13.3%-still multiple factors higher than 3.2%. Both of these calculation approaches demonstrate that the diatom contribution to new production appears to be minor in this system despite the occurrence of substantial biomass in high trophic levels (Décima et al., this issue) , which is generally thought to be sustained by efficient trophic transfer of diatom production up the food chain. However, even the lower estimate based on the diatom carbon production data suggests that, relative to their contribution to autotrophic biomass, diatoms contribution to new production is at least multiple factors higher.
The degree of difference between rates based on converting Ð r N and carbon-based measurements highlights a unique finding. In a previous study in the equatorial Pacific, carbon-based net diatom production conversions to Si and independent Ð r N measurements were closely matched (Krause et al., 2010a) . During FLUZiE, the ratio of net carbon-based diatom production, 2.17 mmol C m 22 day 21 (Landry et al., this issue-b) to net bSiO 2 production (1.57 mmol Si m 22 day
, average of values in Table III ) in the upper 40 m was 1.38 + 0.54; this ratio theoretically estimates the C:Si stoichiometry of active diatoms. However, nutrient-replete diatoms have a C:Si typically 7.7 (Brzezinski, 1985) , which suggests that the C:Si in the CRD is very low. Such low ratios are symptomatic of diatom growth being severely limited by trace metals , which can result in lower diatom C (or N) quotas and higher silica per cell due to prolonging the cell-cycle phase of Si uptake. Selph et al. (Selph et al., this issue) clearly observed that diatom growth was high, nearly two doublings per day, suggesting that growth limitation was not a factor. Hence, it appears there was a surplus of bSiO 2 produced relative to what would be expected for replete and fast-growing diatoms.
The apparent excess net bSiO 2 produced may be explained if other siliceous phytoplankton were active. If so, this could also reconcile the 4-fold difference between the two estimates (3.2 versus 13.3%, see above) of diatom contributions to new production. Baines et al. (Baines et al., 2012) Synechococcus is typically in amol Si amounts, considerably lower than for diatoms ( 100 s fmol to pmol), Synechococcus biomass was 26-fold higher than diatoms on this cruise (Landry et al., this issue-b) . Currently, the form of Si associated with Synechococcus is unknown, but if it is a particulate phase and not prone to rapid remineralization, it may represent an important term in the measured Ð r N . Another explanation is the presence of radiolarian contribution to net bSiO 2 production. However, their abundance, biomass and growth rates are seldom measured and are not available for this cruise. Regardless of the mechanism, we clearly observe a decoupling between the net diatom carbon produced and an apparent "overproduction" of bSiO 2 which does not appear to be related to growth limitation of diatoms, as has been previously observed. Such a unique result will require more focused examination in the future.
Estimating the diatom contribution to organic matter export involves a similar approach as above: Diatom %POC export ¼ 100 Â r E /[Si:C Â r POC ]. Such calculations are influenced heavily by the Si:C ratio used for diatom-associated organic matter. As with the new production estimation, a nutrient-replete diatom Si:C ratio can be used (Nelson and Brzezinski, 1997) , but this results in calculated diatom export being 150-450% of measured POC export (data not shown). This significant overestimate presents a strong argument that the bSiO 2 captured in sediment traps is not in the form of intact diatoms. Assuming that this material is well mixed in the water column and that empty frustules and living diatoms are equally likely to be grazed or incorporated into aggregates (i.e. detritus), we can calculate Si:C using the ratio of [bSiO 2 ]:[Diatom C] measured during the cycles (Table I; Krause et al., 2015) .
Based on data from Cycles 2 -5, where [Diatom C] data are available, we estimate that diatoms contributed between 3.8 and 7.9% of total organic matter export, both suggest a disproportionately high contribution relative to their low proportion of autotrophic biomass (Table III) . In Cycles 2 and 4, the calculated contributions of diatoms to new production and organic matter export are similar or within error estimates. However, in Cycles 3 and 5, the contributions to new production were clearly higher than to organic matter export. Stukel et al. (Stukel et al., 2013a) examined diatoms in the same sediment traps and observed diatom organic C to be even lower (,0.6% for all cycles), suggesting the direct sinking of diatoms was minor. With the caveat that production and export can be temporally separated, the difference between relatively high contributions to water-column new production for diatoms and a lower observed contributions to export is consistent with strong food-web transformation of diatom organic matter in the water column prior to export. This was clearly observed in half the cycles whereas low rates and/or high proportional variability (e.g. Cycles 2 and 4) demonstrates that this condition is variable and the contributions of diatoms to both processes are similar (Table III) . Conclusions from recent studies in Southern California and the North Atlantic (Amacher et al., 2013) also demonstrate that diatom contribution to organic matter export was low while the Southern California study observed the same trend of higher diatom contribution to new production. Thus, the indication that diatoms have a disproportionately high contribution to new production and organic matter export (e.g. Nelson and Brzezinski, 1997; Krause et al., 2009b; Brzezinski et al., 2011) may require revision. Whether the results presented here are broadly reflective of oligotrophic and/or low-latitude open-ocean regions will require future studies that couple both biogeochemical and ecological methods when assessing diatom contributions to these processes.
DATA A RC H I V I N G
This data and the general project datasets are available through the Biological and Chemical Oceanography Data Management Office under the project title "Costa Rica Dome FLUx and Zinc Experiments" (http://www. bco-dmo.org/project/515387).
